Background. Increased loading at the lumbar spine, particularly in the coronal plane,
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Volume 98 Number 2 Physical Therapy  87 E xcessive movement of the trunk and pelvis are characteristic of walking in children with cerebral palsy (CP). [1] [2] [3] [4] [5] In particular, Trendelenburg and Duchenne type gait patterns are often seen in this group. 6 A Trendelenburg type gait pattern is characterized by a drop of the pelvis in the coronal plane on the unloaded side during stance. [6] [7] [8] The trunk is tilted toward the supporting limb with respect to the pelvis while maintaining a neutral position with respect to the global reference frame. 7 Hip adduction of the supporting limb is also increased. 7 A Duchenne type gait pattern is characterized by a trunk lean toward the supporting limb with the pelvis level or elevated on the unloaded side. 6, 7, 9 This type of compensatory movement of the trunk moves body weight toward the center of the hip resulting in a reduced hip abductor moment. 6, 10 Both movement patterns are often a compensatory mechanism for hip abductor weakness or hip dysfunction of the supporting limb. 6, 10, 11 However, a Duchenne type gait pattern may have negative effects on the knee joint by increasing the lever arm around the knee. 10 Additionally, it has been suggested that a Duchenne type gait pattern may result in spinal problems. 6 Likewise, a Trendelenburg type gait pattern is thought to be harmful to the hip. 6 However, while the effects of Trendelenburg and Duchenne type walking patterns on kinetics at the knee and hip have been considered, 6, 7, 10 the effects of this movement further up the kinematic chain, particularly at the lower spine, are unknown.
Our group have recently reported increased reactive forces and moments at the lower lumbar spine during gait in children with CP. 12 As thorax coronal plane movement became more excessive, children with CP demonstrated increased peak L5-S1 reactive forces and moments of up to 63% and 90%, respectively. 12 Consequently, as Trendelenburg and Duchenne type gait patterns are most significant in the coronal plane, we questioned whether loading at the lumbar spine would be adversely affected in children with CP when walking with these movement patterns? As the position of the trunk changes with respect to the pelvis during Trendelenburg and Duchenne type gait, mechanical loads at the spine must change. However, the extent to which this occurs is unclear. A thorough understanding of any potential negative effects at the spine is important because Duchenne type gait patterns were previously reported to be protective of the hip joint by increasing the cover of the femoral head. 6 In addition, this type of walking pattern has also been recommended as a noninvasive intervention for hip pain in adults and as a conservative treatment in children with Legg-Calvé-Perthes disease. 13, 14 However, while it is not clear whether these recommendations are followed routinely in clinical practice, the potential for increased demands at the spine may make such recommendations counterproductive. Additionally, excessive spinal tilting as a consequence of these types of gait patterns may further increase the risk of low back pain in a population with CP, in whom incidents of low back pain were previously reported to be up to 63% higher than those in controls. [15] [16] [17] Therefore, it is important that clinicians are fully aware of any adverse effects that may occur at the lower lumbar spine when presented with Trendelenburg or Duchenne type gait patterns. Following from this, the objective of this study was to assess trunk and pelvic kinematics and three-dimensional reactive forces and moments at the lower lumbar spine in children with CP who appeared on clinical presentation to have Trendelenburg or Duchenne type patterns of movement during gait. The cohort of children, both those with CP and those with typical development (TD), was that used in our previous study. 12 Children with CP were regrouped and reanalyzed according to clinical presentation of Trendelenburg or Duchenne type gait.
Methods
Study Design
This was a cross-sectional study for both children with CP and children with TD. The study is a secondary analysis of previously published data by our group. 12 Participants were regrouped and the data reanalyzed according to newly defined groups.
Participants
A sample size calculation was performed as part of an earlier study. 12 In that study, coronal plane trunk flexion was used as the primary outcome measure; the hypothesis being tested using coronal plane trunk flexion was that coronal plane trunk flexion outside 1 standard deviation from the normal group was pathological. In the present study, using coronal plane trunk flexion as the primary outcome measure, a sample size of 26 was required at a power of 0.95 and a significance of 0.05. This number was exceeded, and 52 children with CP participated in this study. Children with CP were recruited from a cohort attending the gait analysis laboratory over a period of 9 months (n = 52; 33 boys, 19 girls; mean age = 11.02 years [SD = 3.01]; 21 with hemiplegia, 31 with diplegia). Inclusion criteria were: diagnosis of hemiplegic or diplegic CP and ability to walk independently. Children were excluded if they had had surgery within 1 year of presenting to the gait laboratory. Children with TD were invited to participate after a general email to staff and colleagues at the host institution (n = 26; 15 boys, 11 girls; mean age = 10.15 years [SD = 3.17] years). Children with TD without any previous history of neurological, musculoskeletal, or orthopedic problems were included in the study. A participant information leaflet was provided to parents and guardians, who then gave written informed consent.
Data Collection
A full barefoot 3-dimensional kinematic and kinetic analysis was performed using the CODA cx1 active marker system (Charnwood Dynamics Ltd, Leicestershire, United Kingdom) and 2 Kistler 9281B (Kistler Instruments Ltd., 13 Murrell Green Business Park, London Road, RG27 9GR Hook, Hampshire, United Kingdom) and 2 AMTI Accugait force platforms (176 Waltham Street, Watertown, MA). Data were collected using Codamotion ODIN software (v1.06 Build 01 09) at capture rates of 100 Hz (kinematic) and 200 Hz (kinetic), respectively. Infrared light-emitting diodes (LEDs) were placed on the lower limbs in accordance with a modified Helen Hayes model. 18 Thorax kinematic data were captured using a single cluster protocol shown to be valid and comparable to other protocols for measuring thorax kinematics. 19 This protocol consisted of a rigid mount containing LEDs and was placed at spinal level T3. 19 For L5-S1 joint location, a LED was placed at the joint space of L5-S1. A virtual point was created at a position corresponding to 5% of the distance of the line between the L5-S1 LED and the midpoint of the anterior superior iliac spine. 12, 20 L5-S1 reactive forces and moments were then realized at this point. Participants walked unassisted at a self-selected pace with at least 4 clean data trials recorded per participant. One representative walking trial was chosen and analyzed for each participant according to standard laboratory protocol.
Coronal Plane Pattern Assessment
In order to determine pattern type, coronal plane kinematic data of all participants were visually analyzed and compared to TD data. For the purposes of this study, normal data were defined as ±1 standard deviation about average. Values outside this range were considered abnormal. Three different movement types were observed. Type 1 was defined by a pelvic drop on the unloaded side during stance phase outside the ±1 standard deviation band with a laterally flexed trunk position toward the supporting limb in relation to the pelvis and an upright trunk position in relation to the global reference frame (referred to as a Trendelenburg type gait pattern) 7, 14 (Fig. 1b) . Eight children (15.4%; 2 with hemiplegia, 6 with diplegia) demonstrated a type 1 gait pattern. Type 2 was defined by a level or elevated pelvis on the unloaded side in conjunction with a trunk lean toward the supporting limb outside the ±1 standard deviation band (referred to as a Duchenne type gait pattern) 7, 14 ( Fig. 1c) . Four children (7.7%; 1 with hemiplegia, 3 with diplegia) demonstrated a type 2 gait pattern. Finally, type 3 was defined by a distinctive pelvic drop on the unloaded side during stance in conjunction with an excessive lean of the trunk outside TD limits toward the supporting limb with respect to both the pelvis and the global reference frame (referred to as the complex Trendelenburg-Duchenne type gait pattern) (Fig. 1d) 
Data Analysis
A number of discrete kinematic and kinetic parameters were assessed between groups. The 4 kinematic parameters were as follows: maximum pelvic obliquity in stance, maximum trunk side flexion in stance (with respect to the global or laboratory reference frame), maximum trunk side flexion stance (with respect to the pelvis), and maximum hip adduction in stance. Trunk side flexion was measured with respect to the pelvis and with respect to the global or laboratory reference frame. The 6 kinetic parameters were as follows: hip abductor moment peak 1 (N·m/kg), hip abductor moment peak 2 (N·m/kg), peak L5-S1 medial/ lateral force directed toward the ipsilateral side (N/kg), peak L5-S1 medial/lateral force directed toward the contralateral side (N/kg), peak L5-S1 lateral bending moment directed toward the ipsilateral side (N·m/kg), and peak L5-S1 lateral bending moment directed toward the contralateral side (N·m/kg). The analyzed side was the side to which the trunk leaned during stance. This was then referred to as "ipsilateral" for the duration of the gait cycle. The word "contralateral" refers to the opposite side for the same period of the gait cycle.
Data were checked for distribution using the Shapiro-Wilk normality test. Differences between movement types and children with TD were assessed using a 1-way analysis of variance with Bonferroni post hoc tests for comparisons between groups. Dunnett tests were also used to compare each movement type with the TD group. For data that did not follow a normal distribution, differences were assessed using a Kruskal-Wallis test and post hoc Mann-Whitney U tests. All statistical analyses were performed using IBM SPSS Statistics (v23.0.0.2). The level of significance was set at 0.05. Additionally, ensemble average kinematic and kinetic profiles were visually analyzed for deviations between groups.
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Results
Kinematic Classification
After coronal plane classification, 34 children with CP were assessed. Eight children (7 boys and 1 girl; mean age = 10. 
Type 1 (Trendelenburg Gait Pattern)
Children with a type 1 gait pattern demonstrated an increased peak pelvic obliquity in stance by 4.8 degrees compared with that in children with TD ( Fig. 2 ; Tabs. 1 and 2). Peak trunk side flexion (with respect to the pelvis) was increased by 7.5 degrees, while peak trunk side flexion (with respect to the global or laboratory reference frame) remained within normal limits throughout the gait cycle. Peak hip adduction in stance was increased by 5.1 degrees compared with that in children with TD. Hip abductor moment remained close to that in children TD, with no statistically significant differences (Tabs. 1 and 2).
L5-S1 ensemble average kinetic profiles were similar for children with a type 1 gait pattern and children with TD (Fig. 2) . However, children with a type 1 gait pattern demonstrated an increased peak L5-S1 force directed toward the contralateral limb at initial swing phase (increase of 0.35 N/kg or ≈66%). No other statistically significant differences were present for medial lateral force or lateral bending moment for children with a type 1 gait pattern compared with that in children with TD (Tabs. 1 and 2).
Type 2 (Duchenne Gait Pattern)
The number of children demonstrating a type 2 gait pattern was too small for statistical analysis (n = 4). As an alternative, descriptive statistics are provided and ensemble average profiles commented on. For children with a type 2 gait pattern, pelvic obliquity remained relatively flat and close to a neutral position throughout the gait cycle ( Fig. 3 ; Tab. 1). Peak trunk side flexion (with respect to the pelvis) demonstrated an increase of 5.5 degrees compared with that in children with TD. In addition, peak trunk side flexion (with respect to the global or laboratory reference frame) was also increased compared with that in children with TD, by 7.0 degrees (Tab. 1). Hip abductor moment was slightly reduced at peak points but remained just within normal limits (Fig. 3) .
Kinetic ensemble average profiles demonstrated an increased lateral bending moment toward the contralateral side outside normal limits during stance for children with a type 2 gait pattern compared with that in children with TD (Fig. 3) . This peak moment was up to 62% greater than that in children with TD (Tab. 1). Lateral bending moment toward the ipsilateral side during swing remained within normal limits ( Fig. 3 ; Tab. 1). Medial lateral force also remained within normal limits throughout the gait cycle (Fig. 3) .
Type 3 (Complex TrendelenburgDuchenne Gait Pattern)
For children with a type 3 gait pattern, peak pelvic obliquity was significantly increased by 4.5 degrees compared with that in children with TD ( Fig. 4 ; 
Tabs. 1 and 2)
. A similar increase was demonstrated when compared with the type 2 gait pattern (Tab. 1). Peak trunk side flexion, with respect to both the pelvis and the global or laboratory reference frame, was significantly increased by 12.9 and 8.6 degrees, respectively, compared with the values in children with TD (Tabs. 1 and 2). Peak hip adduction in stance demonstrated a statistically significant increase of 2.9 degrees, while hip abductor moment peak 1 remained within normal limits. However, hip abductor peak 2 was significantly decreased for children with a type 3 gait pattern compared with that for children with TD (reduction of 0.21 N·m/kg or ≈54%) (Tabs. 1 and 2).
Several significant deviations were evident in the kinetic ensemble average profiles for children with a type 3 gait pattern compared with that in children with TD (Fig. 4) . Like children with a type 1 gait pattern, children with a type 3 gait pattern demonstrated an increased peak L5-S1 force directed toward the contralateral limb at initial swing phase. However, in this case, peak force was approximately double that in children with TD (increase of 0.57 N/kg or ≈107%) (Tabs. 1 and 2). Both peak L5-S1 ipsilateral and contralateral directed moments were also larger for children with CP than for children with TD (increased by 69% and 54%, respectively) (Tabs. 1 and 2).
Discussion
Pelvic, trunk, and hip kinematics during type 1 (Trendelenburg gait) in this study were consistent with the literature when describing this type of movement pattern. 7 Hip abductor moment remained within normal limits as expected. 7 Consequently, as hip abductor moment represents the predominant factor in hip joint loading, 7, 21 loading at the hip can be judged to be close to normal. The resulting effects at the lumbar spine were small. Only mild differences were present between the CP and TD groups. Most notably, at the point of ipsilateral toe off, medial/lateral force directed toward the contralateral side was increased. At this point, the pelvis was raised on the contralateral side, the trunk leaned toward the contralateral pelvis and a resultant increased force was demonstrated. When ensemble average profiles were considered, an increased lateral bending moment was evident at this point (Fig. 2) . However, this increased moment was not statistically significant and remained just within normal limits suggesting the impact on the spine and corresponding trunk musculature was small or even negligible. Consequently, it would be unlikely that a type 1 gait pattern would negatively impact the health of the spine over time in children with CP.
During type 2 (Duchenne type gait), the pelvis maintained an almost neutral position while the trunk leaned toward the supporting limb, well outside normal limits. Again, this was consistent with the literature for this type of movement pattern. 7 One reported feature of a type 2 pattern is a reduction in loading at the hip. 7 As previously mentioned, the hip abductor moment has been suggested to represent the predominant factor in hip joint loading. 7, 21 Although strength data were not collected in this study, there was evidence of a reduced hip abductor moment, particularly at peak moment values (Fig. 3) . Although moment values remained just within normal limits at these points, it would suggest that pathology of the hip abductors may have played a role in this case.
Corresponding reactive forces at the lower lumbar spine were slightly raised for children with the type 2 gait pattern, although they remained within normal SD bands. However, an increased lateral bending moment during stance, with 2 distinct peaks occurring at contralateral toe off and heel strike, was evident. This increased moment toward the contralateral side was not altogether surprising. L5-S1 lateral bending moments during CP gait have been previously reported to increase with excessive trunk movement in the coronal plane. 12 This would suggest that a type 2 pattern, while it may have the potential to reduce demands at the hip for some participants, could result in greater demands placed on the lumbar spine as the trunk moves into a suitably compensatory position. This type of movement pattern was previously reported as a therapy for unloading the hip joint during gait. 13, 14 However, our results suggest there may be a negative impact at the lower lumbar spine. Although it is not clear whether this recommended therapy has been used routinely in clinical practice, the promotion of this type of movement pattern as a form of therapy would need to be considered with caution.
A type 3 (complex TrendelenburgDuchenne) gait pattern involving both contralateral pelvic drop and excessive trunk lean was the most common pattern amongst the cohort in this study with just over 40% of participants in this category. To our knowledge, this is the first study to specifically describe trunk and pelvic kinematics associated with this type 3 movement. Reference has been made to a high proportion of people with diplegic CP with both contralateral pelvic drop and ipsilateral trunk lean in a study examining hip deformities in CP. 6 in Duchenne type gait (type 2), it remains level or elevated. 6, 7 With this in mind, another descriptive name should be applied, such as complex Trendelenburg-Duchenne gait (type 3).
When the kinematic presentation of this type 3 pattern was considered, a similar pelvic position to the type 1 pattern was demonstrated. However, as a consequence of the pelvic obliquity, trunk side flexion with respect to the pelvis was therefore increased compared with the type 2 pattern where the pelvis remained flat. Peak trunk side flexion in the global frame was also marginally increased compared with the type 2 pattern, suggesting that children with CP and a type 3 gait pattern may have had slightly more involvement of the trunk than those with a type 2 gait pattern.
For all 3 movement types the resultant effects at the lower spine were most evident for type 3. Similar to the type 1 pattern, there was an increased force toward the contralateral side at initial swing. However, this force was greater in magnitude compared with type 1. As pelvic position was similar, the increase in force must therefore be attributed to the increased side flexion of the trunk. Peak lateral bending moments were also increased compared with TD and marginally increased compared with those in children with the type 2 pattern. Consequently, it would appear that greater levels of loading were placed on the lower lumbar spine as the trunk and pelvis maintained suitably compensatory positions during type 3 gait compared with TD. Due to only a small increase in L5-S1 moments compared with the type 2 pattern, our results suggest that the contralateral drop of the pelvis (Trendelenburg component) has a relatively small impact on demands at the lower spine. Instead, it is primarily the excessive trunk lean (Duchenne type component) that contributes mainly to increased lower lumbar spinal loading in children who had CP and a type 3 pattern during gait.
It is difficult to identify exactly what the impact of pathological reactive forces and moments will be at the spine over time. Although low back pain has been reported in adults with CP, 15 this has not been recorded in children with CP. However, radiographic studies have highlighted changes in the lumbar spine of children with CP. 22 The Wolff law states that bone tissue will respond by deposition of new bone in response to cyclic high stresses, 23 and it has been suggested that pathological changes in the mechanics of motion of the spine can result in the formation of osteophytes along the junction of the vertebral bodies and intervertebral disks. 24 Based on this, it is a reasonable assumption that altered trunk movement will have some impact on the health of the spine over time. However, this assumption cannot be concluded from the results of this study. No study to date has specifically examined lumbar stresses and strains specifically related to altered trunk motion during CP gait and the long-term consequences of this altered movement. As a starting point, this investigation provides a foundation and the methods for further exploration. A longitudinal study of low back pain in CP from childhood into adulthood, where reactive forces and moments at the spine are assessed at regular intervals, and an investigation of bone-on-bone forces possibly by means of a forward dynamics approach, may shed further light as to the impact of Trendelenburg and Duchenne type movements over time during CP gait.
Based on the results of this study, and taking into account the previously reported moderate to strong relationship between thorax movement and lower lumbar spinal loading, 12 it is suggested that therapy is aimed at reducing thorax movement in children with a type 2 (Duchenne) or type 3 (complex Trendelenburg-Duchenne) pattern. However, altered thorax movement is usually a compensation for a lower limb deficiency (eg, weak hip abductors or dysfunction of the affected hip). 10 As a result, the optimal thorax lean for the best tradeoff between minimizing the effects of lower limb problems and reducing reactive forces and moments at the spine is unknown. Hip abductor muscle strengthening may be beneficial to reduce excessive mediolateral thorax sway and thus reduce reactive forces and moments at the spine. Alternatively, adjustable walking poles have been shown to result in less lateral trunk lean. 25 However, as discussed, more investigation is warranted as to the long-term effects of increased reactive forces and moments at the spine during gait in people with CP.
Limitations
A number of limitations exist with this study. First, data were collected at a self-selected walking speed. Walking speed has been shown to impact on both kinematics and kinetics. 26 However, no attempt was made to control walking speed as the aim was to report patterns characteristic of CP gait. Second, the number of children with the type 2 pattern was small, and results relating to this pattern need to be interpreted with caution. However, as it was the purpose of the study to also examine the effects of a type 2 pattern, descriptive statistics and ensemble average profiles were discussed. Third, a test-retest reliability analysis or measure of minimal detectable change (MDC) was not conducted as part of this study. Results suggest that measures of MDC may be high for some of the reported variables and, while a preliminary assessment of reliability demonstrated good results, a further assessment of reliability is planned. Finally, the inverse dynamic approach only provides the net inter-segmental reactive forces that reflect the effect of external loads. Previous studies have shown that spinal loads can be larger than the net inter-segmental force. 27, 28 As excessive cocontraction of muscles can occur during CP gait, 29 future work incorporating studies of trunk electromyography may be required.
Conclusions
The majority of children with CP in our cohort had a type 3 (complex Trendelenburg-Duchenne) walking pattern. To our knowledge, this is the first study to specifically describe the associated trunk and pelvic kinematics of this pattern, and we believe that the phrase complex Trendelenburg-Duchenne appears to be suitable for describing this pattern. Additionally, children who had CP and this type 3 pattern demonstrated the greatest increase in kinetics at the lumbar spine compared with TD controls. Trunk position was a critical factor with only a small contribution as a result of the contralateral drop of the pelvis. For children with CP and a type 2 (Duchenne) pattern, kinetics at the lumbar spine were increased. However, although the position of the trunk was also important, numbers in this group were low and only descriptive statistics reported. Finally, the type 1 (Trendelenburg) gait pattern had the least impact at the lower lumbar spine with only small differences in lumbar spinal kinetics compared with TD controls. Consequently, clinicians need to be aware of the resultant effects at the lower spine when presented with these types of walking patterns. Specifically, promotion of a type 2 or type 3 pattern as a noninvasive rehabilitative or conservative treatment should be considered with caution due to the potential for negative effects at the lumbar spine.
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